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Abstract²7KLV SDSHU SUHVHQWV WKH GDWD RI D VHULHV RI
WZRGLPHQVLRQDO'LVFUHWH (OHPHQW0HWKRG '(0 VLPXODWLRQV RI D
ODUJHGLDPHWHUULJLGPRQRSLOHVXEMHFWHGWRF\FOLFORDGLQJXQGHUDKLJK
JUDYLWDWLRQDOIRUFH$WSUHVHQWPRQRSLOHIRXQGDWLRQVDUHZLGHO\XVHG
WRVXSSRUWWKHWDOODQGKHDY\ZLQGWXUELQHVZKLFKDUHDOVRVXEMHFWHGWR
VLJQLILFDQWIURPZLQGDQGZDYHDFWLRQV$VDIHGHVLJQPXVWDGGUHVV
LVVXHVVXFKDVURWDWLRQVDQGFKDQJHVLQVRLOVWLIIQHVVVXEMHFWWRWKHVH
ORDGLQJVFRQGLWLRQV'HVLJQJXLGDQFHRQWKHLVVXHLVOLPLWHGVRDUHWKH
DYDLODELOLW\RIODERUDWRU\DQGILHOGWHVWGDWD7KHLQWHUSUHWDWLRQRIWKHVH
UHVXOWVLQVDQGVXFKDVWKHUHODWLRQEHWZHHQORDGLQJDQGGLVSODFHPHQW
UHOLHVPDLQO\RQHPSLULFDOFRUUHODWLRQV WRSLOHSURSHUWLHV5HJDUGLQJ
QXPHULFDOPRGHOVPRVWGDWDIURP)LQLWH(OHPHQW0HWKRG)(0FDQ
EHIRXQG7KH\DUHQRWFRPSUHKHQVLYHDQGPRVWRIWKH)(0UHVXOWV
DUH VHQVLWLYH WR LQSXW SDUDPHWHUV 7KHPLFUR VFDOH EHKDYLRXU FRXOG
FKDQJHWKHPHFKDQLVPRIWKHVRLOVWUXFWXUHLQWHUDFWLRQ$'(0PRGHO
ZDVXVHGLQWKLVSDSHU WRVWXG\WKHF\FOLF ODWHUDO ORDGVEHKDYLRXU$
QRQGLPHQVLRQDOIUDPHZRUNLVSUHVHQWHGDQGDSSOLHGWRLQWHUSUHWWKH
VLPXODWLRQUHVXOWV7KH'(0GDWDFRPSDUHVZHOOZLWKYDULRXVVHWRI
SXEOLVKHGH[SHULPHQWDOFHQWULIXJHPRGHOWHVWGDWDLQWHUPVRIODWHUDO
GHIOHFWLRQ 7KH DFFXPXODWHG SHUPDQHQW SLOH ODWHUDO GLVSODFHPHQWV
LQGXFHGE\WKHF\FOLFODWHUDOORDGVZHUHIRXQGWREHGHSHQGHQWRQWKH
FKDUDFWHULVWLFV RI WKH DSSOLHG F\FOLF ORDG VXFK DV WKH H[WHQW RI WKH
ORDGLQJPDJQLWXGHVDQGGLUHFWLRQV

Keywords²&\FOLFORDGLQJ'(0QXPHULFDOPRGHOOLQJVDQGV
, ,1752'8&7,21
+( RIIVKRUH ZLQG IDUP LQGXVWU\ LV H[SHULHQFLQJ UDSLG
H[SDQVLRQLQPDQ\FRXQWULHV7KLVVLWXDWLRQLVGULYHQE\WKH
GHPDQGIRUUHQHZDEOHVXVWDLQDEOHDQGJUHHQHUHQHUJ\VRXUFHV
DQG VWURQJ SXEOLF VXSSRUW ,QFUHDVLQJ SROLWLFDO DQG VRFLDO
SUHVVXUHV WR UHGXFH FDUERQ GLR[LGH HPLVVLRQV DQG VRFLHW\¶V
GHSHQGHQFHRQIRVVLO IXHOVKDYHGULYHQ WKHGHPDQGIRUJUHHQ
VXVWDLQDEOH HQHUJ\ VRXUFHV >@ 3LOH IRXQGDWLRQV DUH ZLGHO\
XVHGWRVXSSRUWYDULRXVW\SHVRIVWUXFWXUHVIRUVLWXDWLRQVZKHQ
VKDOORZ IRXQGDWLRQV XQGHUJR H[FHVVLYH VHWWOHPHQWV RU KDYH
LQVXIILFLHQW EHDULQJ FDSDFLW\ 0RQRSLOH IRXQGDWLRQV DUH WKH
PDLQW\SHXVHGIRUZLQGWXUELQHVDWSUHVHQW7KH\DUHDOZD\V
VXEMHFWHG WR VLJQLILFDQW F\FOLF ODWHUDO ORDGV GXH WR ZLQG DQG
ZDYHDFWLRQV7RGD\WKHGHVLJQRIPRQRSLOHVLVFDUULHGRXWE\
PRGHOOLQJ WKH SLOH DV D EHDP DQG WKH VRLO DV D V\VWHP RI
XQFRXSOHGQRQOLQHDUVSULQJV>@7KLVPHWKRGKDVVXFFHVVIXOO\
EHHQXVHGLQSLOHGHVLJQIRURIIVKRUHRLODQGJDVSODWIRUPV7KH
GHVLJQPHWKRGRORJ\RULJLQDWHVIURPWHVWVRQORQJVOHQGHUSLOHV
ZLWK D VPDOO ORDG HFFHQWULFLW\ >@ (YHQ WKRXJK WKLV
PHWKRGRORJ\ ZDV RULJLQDOO\ FDOLEUDWHG WR VOHQGHU SLOHV LW LV
WRGD\XVHGIRUGHVLJQRIODUJHGLDPHWHUVWLIIPRQRSLOHV

1XR'XDQLVZLWKWKH'HSDUWPHQWRI&LYLODQG(QYLURQPHQWDO(QJLQHHULQJ
8QLYHUVLW\ &ROOHJH /RQGRQ /RQGRQ 8QLWHG .LQJGRP HPDLO
QGXDQ#XFODFXN
7KH F\FOLF ODWHUDO ORDGV PHQWLRQHG DERYH FDQ LQIOXHQFH
DVSHFWV RI WKH SLOH EHKDYLRXU LQFOXGLQJ SLOH KHDG
GLVSODFHPHQWVSLOHVHFDQWVWLIIQHVVS\FXUYHVDQGVRIRUWK>@
7KHFKDUDFWHULVWLFVRIWKHF\FOLFODWHUDOORDGLQFOXGHWKHF\FOH
QXPEHUV WKHF\FOLFORDGUDWLRPLQLPXPORDGPD[LPXPORDG
LQ D F\FOH DQG WKHPD[LPXPPDJQLWXGHRI ORDG5HHVH DQG
0DWORFN>@GHYHORSHGDPHWKRGWRFRQVLGHUWKHHIIHFWRIF\FOLF
ORDGV,WLVEDVHGXSRQDFORVHGIRUPVROXWLRQIRUDEHDPRQDQ
HODVWLF IRXQGDWLRQ ZLWK D OLQHDUO\ LQFUHDVLQJ VRLO UHDFWLRQ
PRGXOXV /,60 WKDWFKDQJHVSURSRUWLRQDOO\ZLWKGHSWK7KH
/,60PHWKRGSURYLGHVDVLPSOHSURFHGXUHIRUSUHGLFWLQJ WKH
HIIHFW RI F\FOLF ODWHUDO ORDGV KRZHYHU LW FDQQRW H[SOLFLWO\
DFFRXQW IRU HIIHFWV RI QRQOLQHDU VRLO UHVSRQVH $FFRUGLQJ WR
ILHOGWHVWUHVXOWVRILQVWUXPHQWHGSLOHVVXEMHFWHGWRF\FOLFORDGV
5HHVH&R[>@GHYHORSHGDVHPLHPSLULFDOQRQOLQHDUS\VRLO
UHVLVWDQFHSLOH GHIOHFWLRQ DSSURDFK LQ ZKLFK GHJUDGDWLRQ
IDFWRUV REWDLQHG HPSLULFDOO\ DUH XVHG WR SUHGLFW F\FOLF S\
UHODWLRQVKLSV EDVHG XSRQ GHJUDGHG VWDWLF S\ FXUYHV
$GGLWLRQDOO\2
1HLOODQG0XUFKLVRQ>@VXJJHVWHGWRJHQHUDWH
F\FOLF S\ FXUYHV E\ UHGXFLQJ WKH VWDWLF VRLO UHVLVWDQFH IRU D
JLYHQ GHIOHFWLRQ ,Q ERWK DSSURDFKHV PHQWLRQHG DERYH WKH
F\FOLF S\ FXUYHV DUH LQGHSHQGHQW RI WKH QXPEHU RI F\FOHV
+RZHYHU SDUDPHWHUV UHTXLUHG LQ WKLV VRSKLVWLFDWHG DSSURDFK
DUHGLIILFXOWWRREWDLQIURPVLWHFKDUDFWHUL]DWLRQVWXGLHV%DVHG
RQSUHYLRXVWHVWGDWD/RQJDQG9DQQHVWH>@LPSURYHGWKHS\
DSSURDFK WR FRQVLGHU WKH HIIHFW RI WKH QXPEHU RI F\FOHV
1HYHUWKHOHVV RQO\  RU OHVV F\FOHV RI ODWHUDO ORDGV DUH
H[HFXWHGLQPRVWRIWKHWHVWVFRQVLGHUHG0RUHRYHUWKHXVHRI
S\FXUYHVRIWHQIDLOVWRDFFRXQWIRUWKHSHUPDQHQWGHIRUPDWLRQ
WKDW DFFXPXODWHV ZLWK LQFUHDVLQJ F\FOHV >@ 7KHUHIRUH
DGGLWLRQDO F\FOLF ORDG WHVWV QHHG WR EH FRQGXFWHGZLWKPDQ\
PRUHF\FOHVWKDQSUHYLRXVO\WREHWWHUXQGHUVWDQGWKHLQIOXHQFH
RIF\FOHQXPEHUV
,Q ILHOG WHVWV LW LV GLIILFXOW WR H[HUW F\FOLF ORDGLQJ RQ
PRQRSLOHVZLWK ODUJH GLDPHWHUV GXH WR WKH OLPLWDWLRQV RI WHVW
IDFLOLWLHVDQGKLJKFRVWV+RZHYHUFHQWULIXJHPRGHOOLQJRIIHUV
DQHIIHFWLYHZD\WRXQGHUVWDQGWKHLQIOXHQFHRIF\FOLFORDGVRQ
SLOHG IRXQGDWLRQV&RPSDUHGZLWK ILHOG WHVWV FHQWULIXJH WHVWV
DUH PRUH FRQYHQLHQW HIILFLHQW DQG FKHDSHU &HQWULIXJH
PRGHOOLQJ SURYLGHV DQ HIIHFWLYH WRRO IRU UHVHDUFKHUV LQ
JHRWHFKQLFDOHQJLQHHULQJDVLWDOORZVWKHVWXG\RIJHRPHWULFDOO\
FRPSOH[ SUREOHPV LQYROYLQJ VRLO QRQOLQHDULW\ &HQWULIXJH
WHVWLQJ LV KRZHYHU H[SHQVLYH DQG WLPH FRQVXPLQJ
&RQVHTXHQWO\WKHQXPEHURIWHVWVSHUIRUPHGLQWKHVWXG\RID
JLYHQSUREOHPLVXVXDOO\ORZ,QDGGLWLRQWKHUHDUHOLPLWDWLRQV
RQWKHDPRXQWRIGDWDWKDWFDQEHREWDLQHGGXULQJDFHQWULIXJH
WHVW )RU WKHVH UHDVRQV LW LV RIWHQ EHQHILFLDO WR VXSSOHPHQW D
FHQWULIXJH VWXG\ ZLWK QXPHULFDO DQDO\VHV 7KH QXPHULFDO
$'LVFUHWH(OHPHQW0HWKRG&HQWULIXJH0RGHORI
0RQRSLOHXQGHU&\FOLF/DWHUDO/RDGV
1XR'XDQ<L3LN&KHQJ
7
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
DQDO\VHV FDQ SURYLGH DGGLWLRQDO LQVLJKWV LQWR WKH REVHUYHG
EHKDYLRXU IURP WKH FHQWULIXJH H[SHULPHQWV DQG DOORZ
LQYHVWLJDWLRQRIFHUWDLQH[SHULPHQWDOFRQGLWLRQV
7KH'(0LV UHIHUUHG WRE\&XQGDOODQG6WUDFN >@DV WKH
SDUWLFXODUGLVFUHWHHOHPHQWVFKHPHWKDWXVHVGHIRUPDEOHVRIW
FRQWDFWV DQG DQ H[SOLFLW WLPHGRPDLQ VROXWLRQ RI WKH RULJLQDO
HTXDWLRQVRIPRWLRQ7KH3DUWLFOH)ORZ&RGHLQ'LPHQVLRQV
3)&'LVDSURJUDPPLQJFRGHZKLFKLVGHYHORSHGE\,WDVFD
7KLV VRIWZDUH XVHV WKH '(0 WR VLPXODWH WKH PRYHPHQW DQG
LQWHUDFWLRQ RI FLUFXODU SDUWLFOHV DQG REVHUYH WKHLU VWUDLQ DQG
IUDFWXULQJ EHKDYLRXU DQG DOO '(0 SURJUDPV DOORZ ILQLWH
GLVSODFHPHQWV DQG URWDWLRQV RI GLVFUHWH ERGLHV LQFOXGLQJ
FRPSOHWH GHWDFKPHQW >@ 3)&' FDQPRGHO HLWKHU ERQGHG
FHPHQWHG RU XQERXQGHG JUDQXODU JURXS RI SDUWLFOHV >@
DQG DOVR SDUWLFOHV RI DQ\ VKDSH XVLQJ WKH FOXPS ORJLF
7KHUHIRUHLWLVDSRZHUIXOWRROWRVLPXODWHFRPSOH[SUREOHPVLQ
VROLG PHFKDQLFV URFN PHFKDQLFV DQG JUDQXODU IORZ $W WKH
VDPHWLPHLWDOORZVIRUDGHWDLOHGVWXG\RIWKHPLFURPHFKDQLFV
VXFK DV WKH IRUFH QHWZRUNV IRUPHG E\ D JUDQXODU PHGLD
7KHUHIRUH'(0LVDQDWWUDFWLYHFDQGLGDWHIRUWKLVWDVNDVLWFDQ
UHSOLFDWH FRPSOH[ VRLO EHKDYLRXU ZLWK WKH XVH RI UHODWLYHO\
VLPSOHLQWHUSDUWLFOHFRQWDFWPRGHOV
,Q WKLV UHVHDUFK D VHULHV RI F\FOLF ODWHUDO ORDG WHVWV ZHUH
FRQGXFWHG LQ WKH '(0FHQWULIXJH PRGHO 7KH IUHTXHQF\ RI
F\FOLFORDGLQJXVHGLQPRGHOZDVGLVFXVVHG$OVRWKHLQIOXHQFH
RI F\FOLF ODWHUDO ORDGV RQ WKH SLOH ODWHUDO GLVSODFHPHQW LV
LQYHVWLJDWHG
,,'(002'(/,1*2)&(175,)8*(02'(/
A. Sample Characteristics and Model Setup 
7DEOH , VKRZV WKH PRGHO SDUDPHWHUV XVHG LQ QXPHULFDO
PRGHO$FFRUGLQJWRWKH'3)&PDQXDOWKHSDUWLFOHQRUPDO
VWLIIQHVVLVWZLFHLWV<RXQJ¶PRGXOXV
,QWKH'3)&PRGHO WKHERXQGDU\ZDVILUVWVHWLQVXFKD
ZD\WKDWWKHVL]HRIWKHPRGHOZDVWKHVDPHDVWKDWRI.OLQNYRUW
>@7KHZLGWKRIPRGHOLVPDQGGHSWKLVP5LJLG
ZDOOVZHUHXVHGWRPRGHOWKHERXQGDU\)RUWKHJHQHUDWLRQRI
SDUWLFOHV$W WKH ILUVW VWDJHZKHQ WKH LQLWLDO DYHUDJHSRURVLW\
ZDVQHDUO\ UHDFKHG WKHPRGHOZDVF\FOHG WRHTXLOLEULXP$W
WKHVHFRQGVWDJHWKHVSHFLDOJUDYLW\gZDVDGGHGDQGWKH
3)&PRGHOZDVF\FOHGWRHTXLOLEULXPDJDLQ7KLVPRPHQWWKH
SRURVLW\ ZDV WKH ILQDO DYHUDJH SRURVLW\ $W WKH WKLUG VWDJH
EHIRUHWKHSLOHZDVIRUPHGWKHSDUWLFOHVLQVLGHWKHVDPHDUHD
ZHUHGHOHWHG,QWKLVUHVHDUFK³FOXPS´ZDVXVHGWRPRGHOWKH
ULJLGSLOHZLWKDILQLWHVXUIDFHURXJKQHVV7KHV\VWHPZDVWKHQ
F\FOHGWRHTXLOLEULXPDJDLQZLWKWKHSLOHLQSODFH7KHGHWDLOHG
VDPSOHSUHSDUDWLRQSURFHVVZDVGHVFULEHGDV³*0´PHWKRG
$OO'(0DQDO\VHVLQWKLVLQYHVWLJDWLRQZHUHSHUIRUPHGXVLQJ
WKH '(0FHQWULIXJH SURJUDP )LJ  VKRZV D VNHWFK IRU
DQDO\VLV RISLOHVRLO LQWHUDFWLRQ DQG)LJJLYHV WKHSDUWLFOHV
VL]HGLVWULEXWLRQlLPHDQVWKHSHQHWUDWLRQGHSWKleLVWKHORDG
HFFHQWULFLW\7KH3)&PRGHORIFHQWULIXJHWHVWZDVVLPXODWHGD
VROLG VWHHO SLOH ZLWK GLDPHWHU dpile   PP DQG SHQHWUDWLRQ
GHSWKP7KHPDWHULDOPRGHOOHGLVFRPSRVHGRIGLVNVZLWKD
PD[LPXPGLDPHWHURIPPDPLQLPXPGLDPHWHURIPP
DQ DYHUDJH JUDLQ GLDPHWHU d50  PP DQG XQLIRUPLW\
FRHIILFLHQWCu d60d10 

7$%/(,
,13873$5$0(7(56)25'(06,08/$7,21
6\PERO 3DUDPHWHUV 9DOXH
ȡ GHQVLW\RIVDQGSDUWLFOHVNJP 
d SDUWLFOHGLDPHWHUV )LJ
d50 VDQGJUDLQVL]HPP 
ȝ IULFWLRQFRHIILFLHQWRIWKHSDUWLFOHV 
Ep VDQG\RXQJ¶VPRGXOXV3D H
kn FRQWDFWQRUPDOVWLIIQHVVRISDUWLFOHV1P H
ks /kn SDUWLFOHVWLIIQHVVUDWLR 
kn FRQWDFWQRUPDOVWLIIQHVVRIZDOOV1P H
ks /kn ZDOOVWLIIQHVVUDWLR 
- LQLWLDODYHUDJHSRURVLW\ 
- ILQDODYHUDJHSRURVLW\DIWHUDGGJUDYLW\ 
ћ %XONXQLWZHLJKWN1P 


)LJ6FKHPDWLFYLHZRIWKH3)&PRGHO


)LJ'LVWULEXWLRQRIJUDLQVL]HVLQ'(0DQDO\VHV

)LJ  GHVFULEHV WKH FRPSDULVRQ RI DYHUDJH ODWHUDO DQG
YHUWLFDOVWUHVVGLVWULEXWLRQIRUGLIIHUHQWGHSWKVDQGVKRZVKRLV
UHDVRQDEOH
7KH SLOH ZDV WUHDWHG DV D ULJLG PDWHULDO LQ YLHZ RI KLJK
ULJLGLW\ RI D W\SLFDO PRQRSLOH KHQFH WKH FRQVLGHUDWLRQ RI
EHQGLQJPRPHQWZDVLJQRUHG7KHYHUWLFDOORDGDQGODWHUDOORDG
ZDVDSSOLHGWRWKHJURXQGVXUIDFHRQWKHWRSRISLOH
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

)LJ$YHUDJHODWHUDODQGYHUWLFDOVWUHVV>@
B. Centrifuge Laws and Dimensionless Analysis 
,QRUGHUWRFRPSDUHZLWKDVFDOHFHQWULIXJHH[SHULPHQW
RQGUDLQHGVDQGFRQGXFWHGDWJWKDWPRGHOOHGWKHEHKDYLRXU
RI PRQRSLOH IRXQGDWLRQV IRU RIIVKRUH ZLQG WXUELQHV WKH
SDUWLFOHVJUDYLW\LQ'(0FHQWULIXJHPRGHOLVDOVRPRGHOOHGDW
 J 7KH UHVSRQVH RI WKH QXPHULFDO FHQWULIXJHPRGHO ZLOO
UHSUHVHQWWKHEHKDYLRXURIWKHSURWRW\SHSLOHDFFRUGLQJWRWKH
VFDOLQJODZVRIFHQWULIXJHPRGHOLQJJLYHQLQ7DEOH,,

7$%/(,,
&(175,)8*(6&$/,1*/$:6>@
3DUDPHWHUV 0RGHO3URWRW\SH
DFFHOHUDWLRQPV N 
IRUFH1 /N 
VWUHVV1P 
VWUDLQ 
URWDWLRQ 
IUHTXHQF\ N
GLVSODFHPHQWP N

7KHGHILQLWLRQRIGLPHQVLRQOHVVDQDO\VLVLVVKRZQLQ)LJ
7KH JUDYLW\ ILHOGZDV LQFUHDVHG WR REWDLQ D VFDOLQJ IDFWRU RI
DSSUR[LPDWHO\  7KLV UHVXOWHG LQ SURWRW\SH SLOHV ZLWK D
GLDPHWHU RI  P DQG SHQHWUDWLRQ OHQJWK  P 7KH WHVW
SURJUDP IRU WKH F\FOLF WHVWV FDQ EH VHHQ LQ 7DEOH ,,,ǓZDV
FDOFXODWHGE\XVLQJYLVWKHGLVSODFHPHQWRIWRSSLOHXQGHU
ODWHUDOORDGV,QWKHdLVGLDPHWHURISLOHȖPHDQVWKHXQLWH
ZHLJKW
$V VKRZQ LQ )LJ  WKH PD[LPXP GLVSODFHPHQW FDQ
WKHUHIRUHEHGHWHUPLQHG7KHPD[LPXPGLVSODFHPHQWLVIRXQG
DVWKHGLVSODFHPHQWZKHQWKHORDGLVDWWKHPD[LPXPRIHDFK
F\FOH
1RUPDOO\GLPHQVLRQDODQDO\VLV LVXVHG WR WUDQVIRUPUHVXOWV
IURP PRGHO WR SURWRW\SH VFDOH >@ KRZHYHU WKLV UHTXLUHV
VRPH NQRZOHGJH RI WKH UHOHYDQW SKHQRPHQD WR EH DEOH WR
GHWHUPLQHWKHJRYHUQLQJSDUDPHWHUVIRUODWHUDOORDGLQJRISLOHV
HJ5DQGROSK>@4XDVLVWDWLFODWHUDOORDGLQJRIWKHPRQRSLOH
LV DVVXPHG LQ WKLV DQDO\VLV ZLWK QR SRUH SUHVVXUH EXLOG XS
GXULQJ ORDGLQJ 7KH QRUPDOL]HG IRUFH DQG GHIOHFWLRQ DUH
GHILQHGDVDQG

a dPP J 

R
b P
Pa
a
PD[ ] 

PD[
PLQa
a
P
P
c  ] 

dYY a  


)LJ6FKHPDWLFGUDZLQJRIGHWHUPLQDWLRQRIVHFDQWVWLIIQHVVDQG 
PD[LPXPDFFXPXODWLRQRIGLVSODFHPHQW>@

+HUHPmaxDQGPminDUHWKHPD[LPXPDQGPLQLPXPDSSOLHG
ODWHUDOIRUFHLQWKHF\FOLFORDGLQJPRLVWKHPD[LPXPEHDULQJ
FDSDFLW\IRXQGIURPWKHVWDWLFWHVWZKLFKLVGHILQHGDVWKHORDG
FRUUHVSRQGWRDVHWWOHPHQWHTXDOWRRIWKHSLOHGLDPHWHU$
VHWRIORDGFKDUDFWHULVWLFFRQVWDQWDUHXVHGWRGHVFULEHWKHF\FOLF
ORDGLQJ7KHORDGFKDUDFWHULVWLFVDUHGHQRWHGȗbDQGȗc7KH\DUH
GHWHUPLQHGDVVKRZQLQDQGȗbGHVFULEHVKRZFORVHWKH
F\FOHVDUHFDUULHGRXW WR WKHVWDWLFEHDULQJFDSDFLW\ȗb  LV
WKHUHIRUHF\FOHVFDUULHGRXWWRWKHPD[LPXPEHDULQJFDSDFLW\
ȗcGHVFULEHVWKHGLUHFWLRQRIWKHORDGLQJ)RURQHZD\ORDGLQJȗc
  DQG IRU WZRZD\ ORDGLQJ ȗc   7KH YDOXH ȗb LV WKXV D
PHDVXUH RI KRZ FORVH WKH F\FOLF ORDGLQJ LV WR WKHPD[LPXP
ORDGFDSDFLW\DQGȗcLVGHILQLQJWKHFKDUDFWHULVWLFRIWKHF\FOLF
ORDGLQJ )URP WKHVH QRQGLPHQVLRQDO SDUDPHWHUV D WHVW
SURJUDP FDQ EH GHVLJQHG 7KH PD[LPXP FDSDFLW\ LV IRXQG
IURPWKHPRQRWRQLFWHVW7KHF\FOLFORDGLQJLVFDUULHGRXWXVLQJ
IRUFHFRQWURO'XHWRWKH3)&IRUFHFRQWUROV\VWHPLWLVDOZD\V
WKDWWKHSLOHUHVSRQVHLVH[DFWO\DVZDQWHG6RWKLVPHDQVWKH
DFFXUDF\RIQXPHULFDOPRGHOLVEHWWHUWKDQH[SHULPHQW
C.Frequency 
,Q7DEOH ,,, WKHUHZHUH VXPPDULVHG D VHULHV RI QXPHULFDO
WHVWV 7KH YDOLGLW\ RI WKH QXPHULFDO PRGHO ZDV YHULILHG E\
FKHFNLQJ WKH SLOH ORDG WHVW GDWD DJDLQVW D FRPSUHKHQVLYH
SXEOLVKHGFDVH7KHFHQWULIXJHH[SHULPHQWWHVWVSHUIRUPHGE\
.OLQNYRUW >@ ZHUH D VLQJOH SLOH XQGHU ODWHUDO F\FOLF ORDGV
DSSOLHGWRWKHSLOHKHDGDWWKHWRSRISLOH
/RQJWHUP F\FOLF ORDGLQJ RI WKH ZLQG WXUELQH IRXQGDWLRQV
PD\ FKDQJH WKH VRLO VWLIIQHVV DQG KHQFH WKH UHVRQDQW
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
IUHTXHQFLHVZKLFKFDQOHDGWRWKHDFFXPXODWLRQRILUUHYHUVLEOH
GHIRUPDWLRQV 6LWHVSHFLILF VSHFWUDO GHQVLWLHV IRU ZLQG DQG
ZDYHVFDQEHGHULYHGIURPDYDLODEOHPHDVXUHGGDWDPHWRFHDQ
GDWDEDVHVRUQXPHULFDOPRGHOV7KHH[FLWDWLRQUDQJHVȍDQG
ȍ DQG WKH UHDOLVWLF QRUPDOL]HG SRZHU VSHFWUD UHSUHVHQWLQJ
DHURG\QDPLF DQG K\GURG\QDPLF H[FLWDWLRQ DUH LOOXVWUDWHG LQ
)LJ6RIDURIIVKRUHZLQGWXUELQHVDUHGHVLJQHGZLWKWKHVW
QDWXUDOIUHTXHQF\ILQWKHUDQJHEHWZHHQȍDQGȍLQWKH
ZLQGLQGXVWU\VHFWRUWKLVLVUHIHUUHGWRDVD³VRIWVWLII´VWUXFWXUH
+RZHYHULWLVSRVVLEOHWRGHVLJQD³VRIWVRIW´VWUXFWXUHZLWKWKH
VWQDWXUDOIUHTXHQF\EHORZȍRUD³VWLIIVWLII´VWUXFWXUHZLWK
WKHVWQDWXUDO IUHTXHQF\DERYHȍ7KHFKRLFHRI IUHTXHQF\
UDQJHIRUIVHWVFULWHULDIRUWKHVWLIIQHVVRIWKHIRXQGDWLRQLQ
JHQHUDOOHVVVWHHOLVUHTXLUHGIRUDVRIWVWUXFWXUH

7$%/(,,,
6800$5<'(0&(175,)8*(7(673$5$0(7(56
7 ȗb ȗc
'LDPHWHU
RISLOH
PP
( ȗb ȗc
'LDPHWHU
RISLOH
PP
7    (  a 
7    (  a 
 
7    (  a 
7    ( a  
7    ( a  
7    ( a  
,QWKLVWDEOHWKHRUGHURIH[SHULPHQWLVQRWFRQWLQXRXVEHFDXVHRQO\SDUWVRI
PRGHO WHVWVZHUH SLFNHGXS IRU DQDO\VLV7KLV VHTXHQFHZLOO EH VDPH DV WKH
IXWXUH IXOO GHWDLOHG MRXUQH\ SDSHU 7 PHDQV '(0 PRGHOOLQJ ( PHDQV
H[SHULPHQWV

$VPHQWLRQHGEHIRUHLQ LQWURGXFWLRQ WKHIUHTXHQF\LVYHU\
LPSRUWDQWIRUWKHF\FOLFORDGLQJWHVW)LJVKRZVWKHW\SLFDO
H[FLWDWLRQ UDQJHV RI D PRGHUQ RIIVKRUH ZLQG WXUELQH 7KH
IUHTXHQF\ RI ZDYHV DQG ZLQG DUH WKHPDLQ UHDVRQ RI F\FOLF
ORDGLQJZKLFKDSSOLHGRQWKHSLOHRIZLQGWXUELQH
)LJVKRZVWKHPDLQIUHTXHQF\RIF\FOLFORDGLQJLVDERXW
+]WKLVYDOXHKDVEHHQZLGHO\XVHGLQWKHJH[SHULPHQW
WHVWV ,Q FHQWULIXJH WHVW  J OHYHO WKH YDOXH RI IUHTXHQF\
VKRXOGEH+]VHH7DEOH,,+RZHYHU7DEOH,9VKRZVWKDW
WKHFHQWULIXJHWHVWXVHGORZHUIUHTXHQF\DQGPRVWFHQWULIXJH
WHVWVGLGQRWGLVFXVVWKHIUHTXHQF\DORW


)LJ7\SLFDOH[FLWDWLRQUDQJHVRIDPRGHUQRIIVKRUHZLQGWXUELQH
>@

)URP)LJWKHUHVXOWVVKRZWKHJRRGPDWFKDUHDW+]
WKHUHIRUH LQ '(0FHQWULIXJH PRGHOOLQJ WKH IUHTXHQF\ ZDV
FKRVHQ+],Q'(0PRGHOOLQJWHVWV77DQG7
DGRSWWKHVDPHȗbWKLVLVVOLJKWGLIIHUHQWZLWKH[SHULPHQW7KH
DFFRUGLQJWHVWVLQH[SHULPHQWXVHGWKHUDQJHRIȗbVRWKHYDOXHV
RI'(0PRGHOOLQJ WDNH WKHPD[LPXPYDOXHVRI WKHUDQJH LQ
H[SHULPHQW)RUWKHȗc WKHYDOXHVDUHDOVRQHDUO\VDPHDVWKH
H[SHULPHQW$VWKHJRRGPDWFKIUHTXHQF\+]ZDVFKRVHQLQ
WKHIROORZLQJQXPHULFDOPRGHOWHVWV

7$%/(,9
6800$5<)5(48(1&<86(',1(;3(5,0(177(676
1XPEHUDQGDXWKRU )UHTXHQF\+]J1P
/HEODQF+RXOVE\>@  
5RHVHQ,EVHQ>@  
/L+DLJK>@  


D


E


F
)LJ&RPSDULVRQRIPRGHODQGH[SHULPHQWUHVXOWV>@DWGLIIHUHQW
IUHTXHQF\
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
,,, 5(68/76
)URPWKH)LJWKHUHVXOWVVKRZWKDW7LVJRRGFRPSDUH
+RZHYHUWKHUHLVDOLWWOHGHYLDWLRQLQ77KLVWZRWHVWVXVHG
WKHVDPHȗcDQGGLIIHUHQWȗb7KHDEVROXWHYDOXHRIȗcLQ'(0
PRGHODUHOLWWOHELJJHUWKDQH[SHULPHQWEXWWKHFRPSDULVRQLV
JRRGDW77KHUHDVRQLVWKHȗbLQ7LVELJJHUWKDQ7
ZKLFKPHDQVWKHUHVXOWVLVVHQVLWLYHGXULQJWKHORZHUYDOXHVRI
ȗb:KHQ WKHYDOXHVRIȗb LV LQFUHDVLQJȗcZLOOQRW DIIHFW WRR
PXFKWKHDFFXUDF\EHWZHHQPRGHODQGH[SHULPHQW
)LJFVKRZVWKHPDJQLWXGHRIGLVSODFHPHQWZLOOLQFUHDVH
ZKHQȗbJURZVDVZHOO


D


E


F
)LJ&RPSDULVRQRIPRGHOOLQJDQGH[SHULPHQWGDWD>@

)LJ  LQGLFDWHV WKDW WKH ORFDWLRQ RI SLOH FKDQJHVZLWK WKH
LQFUHDVLQJ F\FOH¶V QXPEHU $QG WKH PDJQLWXGH RI SDUWLFOHV¶
YHORFLW\LQFUHDVHZLWKWKHF\FOHQXPEHUDVZHOO&RPSDUH7
DQG7IRUWKHVDPHQXPEHURIF\FOHVWKHȗbLVELJJHUWKH
YHORFLW\LVODUJHUWRR$WWKHEHJLQQLQJRIF\FOHWKHUHDUHWZR
ZKLUOSRROVRISDUWLFOHVYHORFLW\ORFDWHGDWWZRVLGHVRISLOHWLS
:LWK WKH LQFUHDVLQJ F\FOH QXPEHU WKHUH EHFRPH RQO\ RQH
YHORFLW\FLUFOHURXQGXQGHUWKHSLOHWLS


DE


FG


HI
)LJ3DUWLFOHV¶YHORFLWLHVGLVWULEXWLRQFRPSDULVRQRI7DQG7
DFHDUHVKRZQDWF\FOHV7EGIDUHVKRZQDW
F\FOHV7
,9 ',6&866,21
,Q WKLV SDSHU GLIIHUHQW H[DPSOHVRI F\FOLF ODWHUDO ORDG WHVW
KDYH EHHQ GHVFULEHG $OO WHVWV KDYH EHHQ PRGHOOHG E\
'(0FHQWULIXJH PRGHO 2QH FRPPRQ IDFWRU IRU DOO WKH
SUHVHQWHGWHVWVLVWKDWWKH\KDYHEHHQPRGHOOHGLQGU\VDQG7KH
VDQGORFDWHGRIIVKRUHZKHUHPRQRSLOHVDUHLQVWDOOHG LVGHQVH
VDQG EXW LW LV QRW GU\ 7KLV PHDQV WKH FRQGLWLRQ IRU D UHDO
PRQRSROH FRXOG EH GUDLQHG SDUWLDO GUDLQHG DQG PD\EH
XQGUDLQHGHYHQIRUVDQG,WLVLPSRUWDQWWRXQGHUVWDQGWKDWWKH
WHVWVSUHVHQWHGKHUHRQO\UHSUHVHQWWKHIXOO\GUDLQHGFDVH
7KHQH[WVWHSLQWKHUHVHDUFKLVWRDGGWKHPLFURPHFKDQLFVWR
WKHVRLOVDPSOH7KLVHQDEOHV WKHSRVVLELOLW\RIXQGHUVWDQGLQJ
WKH PHFKDQLVPV VXUURXQGLQJ VRLO DQG DFFXPXODWHG
GLVSODFHPHQWFRUUHVSRQGLQJWRRIIVKRUHFRQGLWLRQV
7KHQXPEHURIF\FOHVLVDQRWKHULVVXHZKLFKKDVWREHWDNHQ
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
LQWR DFFRXQW 7KH F\FOLF WHVWV SUHVHQWHG KHUH KDYH D WRWDO
QXPEHURIF\FOHV7KLVLVPXFKPRUHWKDQWKHQXPEHURI
F\FOHVIURPWKHSUHYLRXVO\WHVWVEXWWKHQXPEHUVWLOOKDVWREH
LQFUHDVHG
5()(5(1&(6
>@ 'RKHUW\3DQG.*DYLQLaterally loaded monopile design for offshore 
wind farms3URFHHGLQJVRIWKH,&((QHUJ\
>@ $3,Recommended Practice for Planning, Designing, and Constructing 
Fixed Offshore Platforms LQWorking Stress Design  $PHULFDQ
3HWUROHXP,QVWLWXWH:DVKLQJWRQ'&86$
>@ 5HHVH /& DQG + 0DWORFN Non-dimensional solutions for 
laterally-loaded piles with soil modulus assumed proportional to depth
'DOODV7H[$VVRFLDWLRQRI'ULOOHG6KDIW&RQWUDFWRUV
>@ 9HUGXUH/-*DUQLHUDQG'/HYDFKHULateral Cyclic Loading of Single 
Piles in Sand,QWHUQDWLRQDO-RXUQDORI3K\VLFDO0RGHOOLQJLQ*HRWHFKQLFV

>@ 5HHVH/&:5&R[DQG)'.RRSAnalysis of laterally loaded piles 
in sand LQ 5th Ann. Offshore Technology in Civil Engineering 
+RXVWRQ7H[$6&(
>@ 2
1HLOO0:DQG-00XUFKLVRQAn evaluation of py relationships in 
sands8QLYHUVLW\RI+RXVWRQ
>@ /RQJ-DQG*9DQQHVWHEffects of cyclic lateral loads on piles in sand.
-RXUQDORI*HRWHFKQLFDO(QJLQHHULQJS
>@ 0RVV5(6-$&DOLHQGRDQG/5$QGHUVRQInvestigation of a cyclic 
laterally loaded model pile group. 6RLO '\QDPLFV DQG (DUWKTXDNH
(QJLQHHULQJ±S
>@ &XQGDOO3$DQG2'6WUDFNA discrete numerical model for granular 
assemblies.*HRWHFKQLTXHS
>@ &KHQJ <3 Micromechanical investigation of soil plasticity 
&DPEULGJH8QLYHUVLW\
>@ ,WDVFDPFC User Manual, version 3.1  ,WDVFD&RQVXOWLQJ*URXS
,QF86$
>@ .OLQNYRUW 57 Centrifuge modelling of drained lateral pile - soil 
response: Application for offshore wind turbine support structures LQ
Application for offshore wind turbine support structures2+HGHGDODQG
66SULQJPDQ(GLWRUV7HFKQLFDO8QLYHUVLW\RI'HQPDUN
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